Precipitation radar and microwave radiometer data from the Tropical Rainfall Measuring Mission (TRMM) satellite during the spring and summer months of 1998 are used to study the precipitation characteristics in the mid-latitude East Asia region (20 -40 N, 100 -140 E), with particular emphasis on comparing the differences between stratiform and convective rains, and between rains during spring and summer. The characteristics in the mid-latitude are also compared with those in the tropics. The two-season mean results for the mid-latitudes show that the mean rainfall rate for stratiform clouds is @2 mm h À1 , at least 6 times lower than its convective counterpart. The mean convective rainfall rate is higher over land than over ocean, and higher in the mid-latitude than in the tropics. Generally, convective clouds generate more rain total for both mid-latitudes and tropics although they cover less area than stratiform clouds. Comparing between mid-latitude and tropical regions, the contribution of stratiform rains is larger in the mid-latitudes than in the tropics.
Precipitation radar and microwave radiometer data from the Tropical Rainfall Measuring Mission (TRMM) satellite during the spring and summer months of 1998 are used to study the precipitation characteristics in the mid-latitude East Asia region (20 -40 N, 100 -140 E) , with particular emphasis on comparing the differences between stratiform and convective rains, and between rains during spring and summer. The characteristics in the mid-latitude are also compared with those in the tropics. The two-season mean results for the mid-latitudes show that the mean rainfall rate for stratiform clouds is @2 mm h À1 , at least 6 times lower than its convective counterpart. The mean convective rainfall rate is higher over land than over ocean, and higher in the mid-latitude than in the tropics. Generally, convective clouds generate more rain total for both mid-latitudes and tropics although they cover less area than stratiform clouds. Comparing between mid-latitude and tropical regions, the contribution of stratiform rains is larger in the mid-latitudes than in the tropics.
There are distinct differences between stratiform and convective precipitation profiles, as well as noticeable seasonal variations of these profiles. The mean vertical profiles showed that stratiform rains have a quasi-constant rainfall rate below freezing level and a sharp drop-off above. Convective profiles, on the other hand, often have a maximum rainfall rate somewhere below the freezing level. Above the freezing level, precipitation layer for convective rains is thicker than for stratiform rains. For convective rains, significant differences are found between profiles over land and ocean, with a significant deeper layer for land convections given the same surface rainfall rate. Consistently, microwave scattering signature over land, expressed by polarization-corrected temperature at 85 GHz, is nearly twice as strong as that over ocean for the same surface rainfall rate. Precipitation profiles are similar in shape and depth between mid-latitude and tropical regions during summer when the freezing level heights are also similar between the two regions. However, compared to being no noticeable variation in the tropics during a year, there is a significant seasonal change for the precipitation profiles in mid-latitudes. The seasonal difference of precipitation profiles arises from the deeper precipitation layer in the summer than in
Introduction
Clouds and precipitation play an important role in determining regional and global climate by redistributing water and heat in the atmosphere (Simpson et al. 1988; Tao et al. 1993) . Studies show that precipitations may be divided into two main types: convective and stratiform (Houze 1993) . On one hand, the two rain types produce distinctively different latent heating profiles due to the different microphysical processes associated with precipitation formation. It is known that convective rains have a bell-shaped heating profile with maximum heating in the mid troposphere, while stratiform rains have a dipole heating profile with heating in the mid troposphere and cooling in the lower troposphere (Tao et al. 1993) . Better knowledge of the rain type statistics and precipitation vertical distribution is therefore helpful in understanding and modeling atmospheric energetics. On the other hand, the type of rain is a reflection of atmospheric stability and large-scale dynamical conditions. By understanding the precipitation characteristics, we can get better insight to the interrelation among dynamical, thermodynamical and precipitation processes.
Understanding precipitation characteristics also is important for developing satellite rain retrieval algorithms. Physical retrieval of the rainfall rate from satellite microwave measurements requires knowledge of the vertical distributions of hydrometeors because microwave brightness temperatures are very sensitive to these profiles (Smith and Mugnai 1988; Adler et al. 1991; Fulton and Heymsfield 1991) . In developing rainfall retrieval algorithms, one approach is to assume a typical pattern of hydrometeor profiles based on limited observations. For the typical profiles, it is usually assumed that a layer of raindrops with a constant or a variable rainfall rate exists below freezing level while hydrometeors above freezing level may be all ice, or a mixture of liquid and ice particles (Wilheit et al. 1977; Liu and Curry 1992; Aonashi et al. 1996) . Another approach is to establish a database of hydrometeor profiles based on cloud model simulations. Rainfall retrieval is then done by minimizing the difference between observed brightness temperatures and simulated ones by using the profiles in the predefined database (e.g., Kummerow and Giglio 1994; Smith et al. 1994; Evans et al. 1995) . In either approach, algorithm performance heavily depends upon the hydrometeor profiles used in the retrieval. To improve the accuracy of rainfall retrieval algorithms, representative and realistic vertical precipitation profiles are unarguably required.
The vertical structures and their variability of both convective and stratiform precipitation types over the tropics have been studied using Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR) and TRMM Microwave Imager (TMI) in our previous studies (Liu and Fu 2001; Fu and Liu 2001) and by others (Shen et al. 2000; Iguchi et al. 2000) . In this paper, we shift our focus on mid latitudes to document the precipitation characteristics in the mid-latitude region of East Asia. The horizontal distribution of precipitation over the mid-latitude East Asia region has a very strong seasonal variation, as shown in Fig. 1 , which shows the seasonal averaged rainfall rate in 1998 from the Global Precipitation Climatology Project (GPCP) archived by NASA (Huffman et al. 1995) . The rainfall data are a merged product of raingauge measurements, satellite retrievals and numerical model outputs. Major precipitation occurs during spring (March, April, and May) and summer (June, July, and August) over mid-latitude land and ocean, associated with Baiu (Meiyu) frontal systems and Asian monsoon activities. During winter (December, January, and February) and autumn (September, October, and November), precipitation occurs mainly over oceanic areas corresponding to the withdrawal of the Asian summer monsoon. In order to assess the differences between rains over land and ocean, we will focus on rains during spring and summer in this study.
Data description
This study uses data observed in the region of 20 N to 40 N, 100 E to 140 E during 1998. Two standard TRMM products, 1B11 and 2A25 of version 5, derived from TMI and TRMM PR observations are the main data source for the study. The TMI is a conically scanning microwave radiometer that measures brightness temperatures at the following five frequencies: 10.65, 19.35, 21.3, 37.0, and 85.5 GHz. Dualpolarizations are measured at all frequencies except for 21.3 GHz, at which only vertical polarization is observed. The TMI sampling swath width is 758.5 km across the Earth surface, with individual pixel spatial resolution ranges from 63 Â 37 km 2 at 10.65 GHz to 7 Â 5 km 2 at 85.5 GHz (Kummerow et al. 1998 ). The TRMM standard product 1B11 used in this study contains the calibrated and navigated brightness temperatures for all channels.
The PR is an electronically scanning radar operating at 13.8 GHz (Iguchi and Meneghini 1994) . Its sensitivity is about 20 dBZ, which corresponds to about 0.7 mm h À1 in rainfall rate. The radar scans G17 from nadir with 49 positions, resulting in a 220 km swath width and a horizontal resolution of 4.3 km at nadir and a vertical resolution of 250 m in vertical from the Earth surface to 20 km altitude. The 2A25 is a dataset of attenuation-corrected precipitation profiles. The vertical profiles of rainfall rate (R) are calculated from radar reflectivity (Z) profiles by using a Z-R relationship based on a hybrid of the Hitschfeld-Botdan method and the surface reference method (Iguchi and Meneghini 1994; Iguchi et al. 2000) . Rainfalls are classified into three types, stratiform, convective and others, based on the method in 2A23 product (Awaka et al. 1998 ), a predecessor of product 2A25. A rain profile is classified as stratiform if PR detects a bright band near the freezing level. If no bright band exists and any value of radar reflectivity in the beam exceeds a predetermined value of about 39 dBZ, the profile is classified as connective. Profiles are labeled ''others'' when they do not meet the definitions of either stratiform or convective rain (Awaka et al. 1998) . We found that (mm day À1 ) in 1998 produced using GPCP data. The boxes in the top diagram indicate the regions studied in this paper: ML-mid-latitude land, MO -mid-latitude ocean, TL-tropical land, TO-tropical ocean. only @5% of the profiles belong to the ''others'' category in the region and time period we analyzed. Therefore, we will ignore this type in this study. To keep retrieved rain rate at the low atmosphere uncontaminated, we will use rainfall rates at 500 m height above land surface as ''surface rainfall rate''.
To determine the relationships of rainfall rate versus satellite microwave radiation signatures, we generated a spatially and temporally collocated PR and TMI dataset with a resolution of 25 km within a PR swath. In collocating TMI and PR data, we first select the PR pixels that have a distance between their center and the center of TMI pixel shorter than 0.125 (latitude/longitude), which is about onehalf of the footprint size of the 19.4 GHz channel. The mean rainfall rate over the TMI pixel is derived by a weighted average of observations at these selected PR pixels. The weight assigned to a selected PR pixel decreases with the distance of its center to the center of the TMI pixel following the Gaussian function exp (Àx/2s 2 ), where x is the distance and s is a constant that can be determined by letting the weight reduce to one-half when x increases from 0 to 0.125 . The weights are then normalized so that the sum of the weights of all selected PR pixels is equal to unity.
It should be cautioned that the miscollocation due to the different viewing geometry between TMI and PR is not accounted for. While TMI scans conically with a 53 zenith angle, PR scans in the cross track with G17 angles for nadir. This mis-match in scanning geometry will cause misrepresentation of TMI pixels by ''collocated'' PR pixels, particularly for deep convective rains.
Seasonal precipitation signals in the mid-latitude East Asia
To differentiate precipitations between over land and ocean, we further divide the midlatitude region of East Asia into two subregions: land areas covering 20 N to 35 N, 100 E to 120 E (referred to as ''mid-latitude land'' hereafter), and oceanic areas covering 25 N to 40 N, 125 E to 145 E, excluding data from land areas over Japan and the Koreas (referred to as ''mid-latitude ocean'' hereafter). To compare precipitation properties in the midlatitude region with tropics, we also examine precipitation in both land and ocean areas covering 0 to 15 N, 60 E to 160 E. The naming of these regions is somewhat arbitrary. It should be noted that no land pixels are included in the defined ''ocean'' regions, and vice versa.
Two variables, area fraction and rain fraction, are defined to discuss precipitation statistics. The area fraction is the number ratio of pixels of a specific rain type (stratiform or convective) to all pixels including raining and nonraining pixels, which represents the occurrence frequency of a specific rain type. Similarly, the rain fraction is the ratio of rain amount generated by a specific rain type to total rain amount, which represents the contribution of a specific rain type to the total rain amount.
The monthly rain total derived from the 1998 PR 2A25 data is shown in Fig. 2a for both midlatitude and the tropics in the East Asia region. Two peaks, in June and September, are seen in both the mid-latitude and tropics. The monthly rain total in the tropics is larger than in the mid-latitude from May to December, and especially after June. Figure 2b shows the area fraction ratio of stratiform to convective rain. It is clear that the ratio in the mid-latitude region is constantly higher than in the tropics. The result indicates that more stratiform rains occur in the mid-latitude region than in the tropics. In the tropics, the area fraction of stratiform rains is about 2 times larger than that of convective rains, except in January. In the midlatitude East Asia the ratio varies from 2 to more than 10 during the year. The yearly mean value is about 6, i.e., stratiform rains cover about 6 times more area than convective rains. Figure 2b also shows a decrease of the ratio from May to August in the mid-latitude, i.e., increase of convective precipitations during the period, possibly corresponding to the advance of summer monsoon activities in the mid-latitude. Figure 2c indicates that the convective rain amount also has a greater increasing rate than stratiform rain from May to August. Because of its higher rainfall rate, convective clouds generate comparable or more rain total than stratiform clouds regardless of the seasons; the rain fraction ratio of convective to stratiform is about 2 : 1 in the tropics, and about 1 : 1 in the mid-latitude region (Fig. 2c) .
There have been studies suggesting that precipitation properties are different between over land and ocean in the mid-latitude East Asia during summer (Chen and Chang 1980; Ninomiya 1999) . Here, we show the time series of monthly rain total, rain area fraction ratio of stratiform to convective, and rain fraction ratio of convective to stratiform in the mid-latitude land and ocean (Fig. 3) . The monthly rain total has two clear peaks in June and September in the mid-latitude ocean, and one peak in June in the mid-latitude land region. The oceanic region has a greater rainfall amount than the land region, especially from September to November when it is dry season for the land region. The rainfall variation in the mid-latitude East Asia region reflects the seasonal change of atmospheric conditions. Increase of rainfall from spring to summer is associated with the progression of the Asian summer monsoon. The area fraction ratio shown in Fig. 3b indicates that stratiform rain is the main rain type in terms of area coverage, although their relative importance to rain amount is comparable (Fig.  3c) . Similar to Fig. 2b and Fig. 2c , a decreasing tendency of the area fraction ratio of stratiform to convective is clear from May to August, and an increasing tendency of the rain ratio of convective to stratiform during the same period. That implies summer monsoon is prevalent during the period in the mid-latitude.
A summary of the precipitation statistics is given in Tables 1a and 1b showing the area fraction, rain fraction, and mean rainfall rate in the mid-latitude East Asia and the tropics during spring and summer. It is seen that the mean rainfall rate for stratiform clouds is virtually identical, around 2 mm h À1 , regardless of regions and seasons. The mean rainfall rate for convective clouds is higher over land than over oceanic areas, and higher in the midlatitude than in the tropics. Convective clouds also contribute much more to rain total, although they have small area fractions. The mean rainfall rate for all convective rains is @12.9 mm h À1 , about 6 times higher than that for stratiform rains (@2.1 mm h À1 ). Meanwhile, stratiform rains cover about 6 times more area than convective rains in the mid-latitude oceanic areas. As a result, convective rains produce a similar rain amount as stratiform rains. Namely, the convective to stratiform rain ratio is about 1 : 1 over oceanic areas in the midlatitude. In the mid-latitude land region, the mean rainfall rate of convective clouds is the maximum among all regions, over 15 mm h À1 , during both spring and summer, which is about 7.5 times higher than that for stratiform clouds (about 2 mm h À1 ). Meanwhile, convective rains generate a similar rain amount as stratiform rains do in spring, but twice as much in summer. Over the tropical ocean, the mean convective rainfall rate is 10 mm h À1 , about 5 times higher than that for stratiform rains (only 2.1 mm h À1 ). Because stratiform rains cover 3 times as much area, the ratio of convective to stratiform rain amounts is 2 : 1. Over tropical land, the mean convective rainfall rate is about 12 mm h À1 ; about 6 times higher than the mean stratiform rainfall rate. In this region, the area fractions of stratiform and convective rains are similar, so that convective rains generate nearly 6 times as much rain amount as stratiform rains.
Vertical structures of rain clouds

Rain tops
The height of the rain top reflects certain aspects of cloud dynamics and microphysics. In convective clouds, in which precipitating particles are lifted by updraft, the rain top height is an indication, in an averaged sense, of the altitude and the strength of the updraft. In stratiform clouds where precipitating particles fall in a weak updraft environment, the rain top height is an indication of the initiation of large precipitating particles, or the level where large particles are detrained from adjacent convective cores. In the following, we investigate the relation between the surface rainfall rate and rain top height. Rain top height is defined by the highest altitude where PR echo is above noise level (equivalent to 0.7 mm h À1 ). Figure 4 shows relationships between the surface rainfall rate and the averaged rain top of convective and stratiform rains in the midlatitude and tropical regions by differentiating between land and ocean, and between spring and summer. It is shown that the averaged rain top increases with the surface rain rate for convective rains in each season. Corresponding to the heavy surface rainfall rate, the highest averaged top over mid-latitude land reaches above 10 km in summer, while over the midlatitude ocean it is always below 10 km even in summer. In spring, the highest averaged rain top in the mid-latitude is below 9 km. In the tropics, the highest averaged rain top is above 10 km in spring and summer. For stratiform rains, their rain top also increases with surface rainfall rate except for midlatitudes where the height seems to level-off for rainfall rates higher than @8 mm h À1 . Figure 4 also shows higher rain tops in summer than in spring over the mid-latitude regions due to the hotter underlying land surface in the summer and the advance of summer monsoons. The height difference between spring and summer can reach up to 4 km for convective rains over the mid-latitude land, but it is relatively small over mid-latitude oceanic areas, which again implies the important role of underlying land surface. On the other hand, over the tropics, the rain top is higher in spring than in summer, particularly for convective. However, the rain top height difference is relatively small in the tropics, possibly due to the weak seasonal variability in tropical atmospheric conditions. Rain top differences between land and ocean also are evident for convective rains over the midlatitude in summer, which implies the important effect of underlying earth surface on rain tops, and to a lesser magnitude over the tropics in spring. For stratiform rains, these differences are mainly shown between spring and summer in the midlatitude. They are not very evident between land and ocean, which implies that it is the variation of atmospheric conditions that is important to the height of stratiform rain tops, rather than the underlying surface type. In fact, there are no clear differences of stratiform rain top heights between land and ocean over the tropics where there is little seasonal variation in atmospheric temperature profiles.
Vertical precipitation profiles
Our search for regularities of precipitation profiles results in using the method of principal component (PC) analysis in previous studies for the tropics (Liu and Fu 2001; Fu and Liu 2001) . Our results showed that the first leading PC component can explain more than 80% of the variations in the profiles, and that the reconstructed first principal components closely resemble mean profiles. Using the same approach, we found the same statistical features for the precipitation profiles in the mid-latitude region. Therefore, we also will perform averaging of the vertical profiles in this study.
The mean precipitation profiles are shown in Figs. 5 and 6 for stratiform and convective rains, respectively. They were generated using TRMM PR 2A25 data by differentiating between ocean and land and between spring and summer. Log-scale is used for abscissa (rainfall rate). Figure 5 contains the mean stratiform profiles whose rainfall rates at 2 km altitude are around 1, 3, 5, 7 and 9 mm h À1 . Figure 6 contains the mean convective profiles whose rainfall rates at 2 km altitude are around 5, 10, 15, 20, 25 and 30 mm h À1 . Each profile in the figure is an average of those profiles whose rainfall rate at 2 km altitude is around (within G1 mm h À1 ) the values mentioned above. Numbers used for averaging are listed in Tables 2a  and 2b .
Figures 5 and 6 show clearly different patterns between convective and stratiform profiles. For stratiform rains during summer, the profiles show a similar pattern for the four regions. The freezing level near 5 km separates two different regimes. Below the freezing level, rainfall rates are almost constant with height, implying that raindrops experience no significant growth or evaporation. Above the freezing level, a substantial downward growth of rain occurs within a layer of a few kilometers, characterized by the sharp slope of the profiles. In spring, stratiform profiles in the tropics are similar to those in summer; but the profiles in the midlatitude are shallower corresponding to the lowered freezing level height.
Note that the top heights of profiles shown in Figs. 5 and 6 are generally lower than the raintop heights shown in Fig. 4 . The difference arises from the ways in which averaging is performed. In Fig. 4 , we average the rain-top heights (where rainrate is @0.7 mm h À1 ) of different profiles with the same rainrate at 2.0 km, while in Figs. 5 and 6, we average rainfall rates at certain levels for those profiles with the same rainrate at 2.0 km, and we assign a rainrate 0 where radar reflectivity is below the rain threshold value (equivalent to rainrate @0.7 mm h À1 ).
The convective profiles are distinctively different from stratiform profiles both below and above the freezing level. The slopes of the convective profiles above the freezing level are less Fig. 5 . Mean precipitation profiles of stratiform rains produced using TRMM PR data. Each profile is an average of those rainfall rates at 2 km altitude are around 1, 3, 5, 7 and 9 mm h À1 , respectively. Data are grouped by regions (mid-latitude or tropics), surface types (land or ocean) and seasons (spring or summer). steep, but the echo layers are much deeper. Unlike stratiform profiles whose rainfall rate peaks near the freezing level, the maximum rainfall rate in convective profiles appears at a lower level. This is particularly evident for profiles over the ocean. In summer, the height of the maximum rainfall rate is about 3.75 km, 2.5 km, 3.5 km and 2.5 km, over midlatitude land, midlatitude ocean, tropical land and tropical ocean, respectively. A similar result has been found by Cecil et al. (2002) for tropical continental convections. Below the level of the maximum rainfall rate, the tendency of a decrease in rainfall rate toward the surface indicates a possibility of raindrop evaporation in the low atmosphere. This layer is deeper over land than over ocean. This evaporation layer could alter the vertical distribution of latent heating by creating a cooling layer near the surface. Above the maximum rainfall rate level up to the freezing level, the downward increase of rainfall rate may be an indication of rain growth by warm microphysical processes (e.g., coalescence). This is particularly evident for oceanic convections. Among convective profiles, the difference between land and ocean profiles appears to be the most significant. Comparing convective profiles over land with those over ocean, it is seen that for the same surface rainfall rate the rain layer is deeper for profiles over land than for those over ocean. In other words, to produce the same surface rainfall rate, it requires a deeper convective cloud over land than over ocean in both the mid-latitude and the tropics. This is consistent with the difference in microwave scattering signatures, in which we will show in the next section that given the same surface rainfall rate convective rains over land have a stronger scattering signature than rains over ocean. This profile implies that the maximum latent heat release occurs at a higher altitude for precipitation over land than over ocean. By examining convective profiles over land in Fig. 6 , it is found that the layer of possible coalescence growth below the freezing level is very shallow, or nonexistent, suggesting that the bulk of growth of the rain occurs at higher altitudes. In fact, the pattern of the land profiles suggests that the major growth of precipitation occurs near and above the freezing level. It is well known that the lightning associated with convective clouds almost exclusively occurs over land areas (Zipser and Lutz 1994) . Because in-cloud electrification is an indication of supercooled water drops, it is plausible that a strong updraft exists above the freezing level in over-land convections, which sustains a substantial amount of cloud liquid water and a fast growth of precipitation near and above the freezing level.
The latent heating profiles associated with water phase changes are determined by where in the vertical and how much in magnitude these phase changes (condensation, evaporation, freezing, melting and sublimation) occur. The different vertical rain profiles revealed here reflect in a certain degree these phase changes, because they provide the information for the growth rate of precipitating particles. For example, the similar profiles among stratiform rains in different regions and seasons imply that their heating profiles also are quite similar. On the other hand, the deeper land convective profile indicates the height of the maximum latent heating for convective rainfall is higher over land than over ocean. Additionally, the seasonal change of the mid-latitude convective land rainfall profiles also documents the seasonal change in the latent heat profiles.
Emission and scattering signals from precipitation clouds
Microwave signals measured from a satelliteborne radiometer generally can be classified into two categories based on how the microwave field interacts with the atmospheric hydrometeors: emission and scattering. Over ocean at low frequency microwaves, the brightness temperature change depends on the intensity of microwave emission from raindrops in the atmosphere, which is called emission signature. The more the raindrops exist in the atmosphere, the higher the brightness temperature will be. At high frequency, on the other hand, the brightness temperature change depends on the scattering intensity of ice particles in the atmosphere, which is called scattering signature. A higher concentration of ice particles (or larger ice particles) leads to a lower brightness temperature.
Although brightness temperatures at low and high frequencies can be used to represent emission and scattering signatures, respectively, the relation between brightness temperature and rainfall rate or column water path often show heavily bended curves (e.g., Wilheit et al. 1977; Spencer et al. 1989; Liu and Curry 1993) . So, given a value of rainfall rate or water path, brightness temperature could have two corresponding values. To avoid this problem, parameters that use a function of brightness temperatures from multiple channels are defined to represent the emission and scattering (Spencer et al. 1989; Petty 1994; Liu and Curry 1998) . Here, we use the definitions of Liu and Curry (1998) . The emission signature is defined by the polarization difference of brightness temperatures at a low frequency (19.4 GHz), i.e., D ¼ T BV À T BH , where the subscripts V and H denote vertical and horizontal polarizations, respectively. D is the maximum for clear-sky. It decreases as rainfall rate increases because the emission of water drops reduces the difference between vertical and horizontal brightness temperatures. So, D is representative of the atmospheric emission itself over ocean because of the highly polarized ocean surface. Over land, little emission signal can be detected due to the strong emission from the land surface. To represent the scattering signature, we used the polarization corrected temperature (PCT) at high frequency (85.5 GHz) as defined by Spencer et al. (1989) , which is expressed by PCT ¼ (1 þ a)T BV À aT BH , where a (¼ 0.818) is a coefficient designed to keep value of PCT almost constant for nonprecipitating conditions. Note that PCT approaches to brightness temperature itself, as clouds become opaque to high frequency microwaves, so that T BV ¼ T BH . To keep PCT constant, a needs to vary depending on atmospheric conditions. However, a varying a is only important for norain or light-rain conditions, such as PCT 85 > 265. Here we will keep a ¼ 0:818 constant for simplicity. Figure 7 shows the mean relationship between surface rainfall rate and PCT 85 for convective and stratiform rains in mid-latitude land, mid-latitude ocean, tropical land and tropical ocean, by differentiating between convective and stratiform, and between spring and summer, as observed by TRMM PR and TMI in the spring and summer of 1998. For one collocated TMI-PR pixel (@25 km resolution), we averaged several original PR pixels (@4.3 km resolution), and the rain type for these original PR pixels are often different. If more than half of the original PR pixels are convective, we will call the new collocated pixel ''convective'' (TMI pixel of convective), otherwise, we call it ''stratiform'' (TMI pixel of stratiform).
It is shown that the relationships between rainfall rate and PCT 85 are clearly different between convective and stratiform rains. Stratiform rainfall rates are generally low, and there seems to be no unique relation between the stratiform rainfall rate and PCT 85 . This implies that microwave scattering signals have little bearing on estimation for stratiform rainfall rate. For convective rains, the relationship between rainfall rate and PCT 85 shows a distinct difference between rains over land and ocean. As rainfall rate increases, PCT 85 over land decreases much faster than over ocean, especially in the mid-latitude region. The slopes of fitting lines in Fig. 7 indicate that the sensitivity, DPCT 85 /DR, is twice as high over land than over ocean in the mid-latitude, where R is rainfall rate. In the tropics, the sensitivity is relatively weaker than in the mid-latitude. In the previous section, we described that given the same surface rainfall rate convective profiles over land possess a deeper precipitation layer above freezing level than over ocean, indicating greater ice particle concentration. The greater PCT 85 sensitivity is consistent with the difference in precipitation profiles. The above result is consistent with the works of McCollum et al. (2000) , who found that scattering-based algorithms underestimate rainfall in convectively active continental regions.
Comparing the relationships between convective rainfall rate and PCT 85 among different seasons and regions shown in Fig. 7 , for a given rainfall rate, the strongest scattering signature occurs in summer over mid-latitude and tropical land regions, while rains in mid-latitude ocean show the weakest scattering signature. The spring versus summer difference appears to be only evident when rainfall is heavy. Generally, rains in the summer have a stronger scattering signature.
Be cautioned that due to our definition of convective/stratiform rain types in the newlyformed pixels, there are possibly convective cells in the new ''stratiform'' pixels for many cases. Similarly, there are possibly stratiform regions in the new ''convective'' pixels. The very low PCT 85 values (i.e., PCT 85 < 150 K) in Fig. 7 for stratiform rains most likely are due to scattering by dense ice associated with convective cells. Therefore, for stratiform rains we should only interpret results in Fig. 7 for the bigger PCT 85 values, e.g., PCT 85 > @180 K. However, using this limited range does not alter our conclusions above.
The emission signature D 19 is shown in Fig. 8 for the oceanic regions. Again, the relation does not show a significant difference between midlatitude and tropics, and between spring and summer. Given the same rainfall rate, D 19 value for stratiform rains is smaller than convective rains although stratiform rainfall rates are generally low. This may be due to the fact that below freezing level the stratiform rains have a constant rainfall rate profile while convective rains have a profile with rainfall rate decreasing upward. For the same rain type, the rainfall rate versus D 19 relation has little variability among different regions and seasons.
Conclusions
In this study, precipitation characteristics in East Asia are analyzed using data observed by the TRMM satellite, with particular emphasis on comparing differences between stratiform and convective rains, between rains in the midlatitude and in the tropics, and between rains during spring and summer. These differences were shown in the mean rainfall rate, area fraction, rain fraction, rain top and profile, and signatures of microwave emission and scattering.
Results based on PR data show that the mean rainfall rate for stratiform clouds is virtually identical, around 2 mm h À1 , regardless of regions and seasons. The mean rainfall rate for convective clouds is higher over land than over oceanic areas, and higher in the midlatitude than in the tropics. Usually, it is at least 5 times higher than that for stratiform rains. As a result, convective clouds contribute much more to rain total, although they have small area fractions. From spring to summer, the average rainfall rate for all convective clouds is @13.8 and @15.4 mm h À1 in the midlatitude ocean and land, respectively, @10.0 and @12.3 mm h À1 in the tropical ocean and land, respectively. Stratiform rains cover 6 and 4 times more area than convective rains over the mid-latitude ocean and land, respectively, @3 and @1.3 times more over the tropical ocean and land, respectively. However, convective clouds generate @1.0 and @1.7 times the rain total of stratiform clouds over the mid-latitude ocean and land, respectively, @1.7 and @4.9 times over the tropical ocean and land, respectively.
Vertical structures of precipitation show different patterns between convective and stratiform rains. Although the rain-layer depth increases with the freezing height from spring to summer, stratiform profiles have a similar pattern. That is, rainfall rates are almost constant in the vertical below the freezing level, and there is a sharp drop-off of rainfall rate with height above the freezing level, regardless of latitudes, seasons and surface types. Unlike stratiform profiles, whose rainfall rate peaks near the freezing level, the maximum rainfall rate in convective profiles appears at a lower level. Above the freezing level, rainfall rate drops off slower for convective than for stratiform rains. So, the precipitation layer above freezing level is deeper for convective rains than for stratiform rains. The most evident difference among convective profiles is between land and ocean for both midlatitude and tropics. For the same surface rainfall rate, the rain layer is deeper for profiles over land than those over ocean. The convective profile difference is also shown between the midlatitude and tropics in spring. During summer, profiles over midlatitude land are similar to those over tropical land. This is also true over the oceanic region between the midlatitude and tropics in summer.
Analysis of TMI 19 and 85 GHz data show that, given the same surface rainfall rate, stratiform and convective rains have very different emission and scattering signatures, reflecting the different vertical structures between the rain types. For convective rains, the rainfall rate and PCT 85 relation also shows a distinct difference between rains over land and ocean. Corresponding to the same rainfall rate, scattering signature is almost twice as high over land as over ocean, consistent with the deeper precipitation layer above freezing level over land. This is especially evident over the mid-latitude region. We also found that the relationship between rainfall rate and emission signature is different depending on rain types (convective or stratiform), but seems insensitive to regional and seasonal difference.
Important lessons may be learned from the examination of passive and active satellite microwave signatures. The properties of precipitating clouds revealed in this study are not only useful to understand the nature of precipitation process, but also helpful in the future development of satellite cloud and precipitation retrieval algorithms. These are important for forecasting monsoon weather and monsoon events in East Asia. Finally, in this study we focused on the structural characteristics of precipitation during spring and summer seasons. A recent study by Kodama and Tamaoki (2002) showed that in the midlatitudes, precipitations exhibit structural differences between springsummer and fall-winter seasons. They found that while deep stratiform and convective clouds contribute the majority of precipitation during spring and summer, it is the shallow clouds that contribute the most precipitation during fall and winter. Further studies on how the difference in precipitation structure transform to the difference in microwave radiometry signatures are important for satellite remote sensing.
